A virtual hierarchical wireless mesh network architecture is studied in this paper, which gains fine user diversity and routing stability. As each node inside a cell is equipped with multiple radios and multiple channels are available, an efficient channel assignment algorithm based on this multi-radio multi-channel virtual hierarchical wireless mesh network is proposed, which combines the channel pre-allocation algorithm with the time-slot multi-graph decomposition algorithm, so as to increase channel resource utilization and ensure the fairness of channel allocation. In the channel preallocation algorithm, a generalized set T-coloring model based on graph theory is utilized. Then, the time-slot multi-graph decomposition algorithm is conducted according to the channel pre-assignment, which exploits spatial reuse features of a multi-channel multi-radio system to optimize the network performance. The algorithm analysis and simulation results show that the proposed channel assignment strategy can improve the network performance effectively with lower complexity and achieve higher channel utilization.
random sequence. The fixed interfaces can be assigned a dedicated control channel [6] or a data and control channel [7] , while the other interfaces can be switched among non-fixed channels.
System model
In this paper we consider the network architecture given in Figure 1 , called virtual hierarchical WMN.
Figure 1. Architecture of virtual hierarchical architecture mesh networks
In this architecture, the nearby network nodes are grouped into clusters. Each cluster is called a cell. There is no particular cluster head selected inside the cell. The nodes can not only communicate with other nodes in the identical cell but also with the nodes in the neighboring cells within the transmission range. Each cell can be regarded as a particular node, called "virtual node". For the rest of this paper, the terms "cell" and "virtual node" are used interchangeably. We regard this network architecture as virtual hierarchical WMN. Each virtual node needs to share multiple common channels with each of its neighboring virtual nodes, which are required to set up multiple virtual links for date transmission. So we consider that each virtual node owns multiple radios/interfaces naturally to communicate with other virtual nodes, called virtual multiple radios or virtual multiple interfaces. In this paper, the terms "radio" and "interface" are used interchangeably. The connection between virtual nodes make up of the top level of hierarchical mesh networks. So we consider over virtual node at network-layer in the protocol stack of a wireless mesh network. All nodes in each cell are assigned the identical Cellular IP address but different MAC address. We consider the scenario that each node equipped with multiple radios. We define the virtual radio count of a virtual node equals to the total number of radios of all nodes in the virtual node.
Problem Formulation
In this paper, the virtual hierarchical mesh networks architecture and the scarce bandwidth motivates us to design a new efficient channel assignment algorithm. Our channel assignment method can be split in two stages, combining static assignment and dynamic assignment. On the first step, as the channel pre-allocation strategy, each cell is allocated an available channel set with the goal of high frequency utilization and low network interference. This is a static assignment with spatial reuse pattern. On the second step, we present a time-slot multigraph decomposition channel assignment strategy, which is a dynamic assignment aiming to allocate channels to each links. 
Channel Pre-allocation Strategy
As the channel pre-allocation, we allocate a channel set to each virtual node, which ensures that neighboring virtual nodes can share common channels to communicate with each other, and the nodes within the cell can also communicate with each other. We propose a new generalized set T-coloring model, amending and expanding the set T-coloring model which is widely used in cellular networks [8] [10] . Let 1 T denotes the set of forbidden channel separation of non-common channels between neighboring virtual nodes. 2 T denotes the set of forbidden channel separation between non-adjacent virtual nodes within the co-channel reuse distance. According to certain rules C, the coloring rules satisfy the following conditions: 
Tz  ; 5) while ( , ) ij v v E  , we consider two cases of channel restraints of non-neighboring cell:
, which is the channel set allocated to node i v .
The above condition 1) ensures the neighboring cells can share a certain common channels to maintain connectivity. Condition 2) ensures the neighboring cells are allocated distinct common channels to avoid interferences. Condition 3) and 5) ensure non-adjacent cells should be allocated distinct channels and satisfy the conditions of T-coloring model. Condition 4) ensures that the noncommon channels allocated to neighboring cells should also satisfy the conditions of T-coloring model.
For each virtual node
Cv should not only meet the conditions of generalized set T-coloring model but also ensure that the channels allocated intra-cell or inter-cells satisfy the conditions as follows:
1) the constraint of the number of virtual interfaces: ( ) ( )
2) the constraint of the number of channels:
We model the network by another undirected graph
V represents the set of all nodes and ' E represents the set of all links between nodes. Obviously, the graph ( ', ') H V E here is a multi-graph. By
, we denote the time-slot decomposition sub-graph of multi-graph 
We introduce a matrix 
In the time-slot channel assignment scheme, ( ) 
Channel Assignment Algorithm
Based on the analysis above, the channel allocation algorithms are stated in this section. The first step is to conduct channel pre-allocation by utilizing a generalized set T-coloring model. 
Thus:
,, v . The allocation rule is that the channels assigned to neighboring cells should meet the constraint 1, 2 and 4 in the generalized set T-coloring model, and the channels allocated to non-adjacent cells should satisfy the condition 3 and 5 within the co-channel reuse distance. In the case that the channel resource is limited, which results the channel assignment violates a certain rules in the generalized set T-coloring model, then greedy optimization algorithm is adopted to allocate channels with the least interference.
3) If virtual nodes can communicate with each other after the channel allocation in step 2), then according to the channel needs for communication within the virtual node, we allocate
channels to each cell from the serial number 1 cell. The allocation process should meet the constraint 3, 4 and 5 in the generalized set T-coloring model. Similarly, in the case that channel resource is limited which results the channel assignment violates a certain rules in the generalized set T-coloring model, we will solve this problem in the same way as in step 2). In the second step, the time decomposition strategy is adopted to optimize the channel utilization of each virtual node. As the available channel set between the neighboring virtual nodes It is possible that after some time-slots, all the links associated by some virtual nodes have been allocated channels. As a result, some other virtual nodes in the sub-graph become isolated vertex in the next time slot. In order to avoid this problem, each virtual node is considered to possess its own time slot cycle () i Tv independently. In case all the links associated by some virtual nodes have been allocated channels, a new time slot channel assignment is conducted to avoid isolated vertex in subgraph in the next time slot. In this way the link's time slot cycle T meets the following condition: max ( ) max ( ) / ( ) 
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Algorithm Analysis
From the viewpoint of the computational complexity analysis, we will find out both the set coloring channel assignment algorithm and the time-slot sub-graph decomposition channel assignment algorithm have relatively low complexity. The time complexity of the set coloring channel assignment 
Simulation Results and Analysis
In this section we simulate the performance of the proposed algorithm. In simulation we assume the fading channel parameter  is 4, and the signal to interference ratio is 18dB. Meanwhile, to simplify the analysis, we assume that the number of virtual nodes is 36 which are distributed uniformly in an geographic area, and the topology is a 66  triangular lattice. We also assume that the virtual node in the center area of the network contains more nodes than virtual nodes on the outskirts of the network in order to enhance the capacity to relay. We assume the number of nodes in the virtual node on the outskirts of the network is randomly generated between 3 or 4, and the number of nodes in the virtual node in the center area of the network is randomly generated between 5 and 8. We set the number of links between We evaluate the algorithm proposed in this paper in Figure 2 by comparing it with the random channel assignment algorithm and the algorithm that use time-slot channel assignment only without channel pre-allocation. The indicator compared here is the number of time slots while utilizing different algorithms. The number of interfaces within a virtual node is randomly generated between 1 and 3. Figure 2 shows that the algorithm proposed in this paper has a much shorter time slot as the number of available channels increase. Especially when the channel resource is limited and more links interfere each other, the algorithm proposed can achieve higher channel utilization. Comparison of the number of channels and time slots achieved by different algorithms Figure 3 shows the variation of time slot while utilizing the proposed algorithm as the number of available channels and the number of interfaces in the center area of virtual nodes are changed. In the simulation the number of interfaces of virtual nodes on the outskirts of the network is randomly generated between 1 and 2, and the number of interfaces within the virtual node in the center area of the network is equal and gradually increases synchronously. It is showed in Figure 3 that as the number of interfaces increases the number of time slots decreases. The number of the increased interfaces can enhance the capacity of spatial diversity for channel resource and reduce network interference. 
Conclusion
In this paper, a virtual hierarchical wireless mesh network structure is studied, which gains finer route stability and user diversity capacity. Then an efficient channel allocation strategy is proposed to achieve finer channel spatial diversity, increase channel resource utilization and ensure the fairness of channel allocation. The simulation results show that this channel allocation method can improve the network performance effectively with lower complexity and gain better channel utilization.
